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Abstract
Electroactive conducting polymers, such as polypyrrole, polyaniline, and polythio-
phenes are currently studied as novel biologically inspired actuators. The actuation
mechanisms in these materials are based on the diffusion of ions in and out of the
polymer film. Giving ions more access to the center of the films by inducing holes
on its surface can improve strain rates. A unique surface templating technique using
breath figures has been developed for poly (3-hexylthiophene). Spherical holes form
on the surface of polymer films during the drop casting process if moist air was blown
over the top of the film. This technique has been used to generate 0.8-5 Pm holes on
the surface of poly(3-hexylthiophene) films. It can also be used to create columns 3 to
10 pm in height in polypyrrole. Free standing spongy films (10-35 Pm in thickness) of
poly(3-hexylthiophene) were generated using this technique and the influence of the
additional surface area on the actuation of poly(3-hexylthiophene) and polypyrrole
films has been characterized. Actuation seen in poly(3-hexylthiophene) films was not
characteristic of actuation seen in polypyrrole or in poly(3,4-ethylenedioxythiophene).
Poly(3-hexylthiophene) shows a voltage dependant on-off mechanism as well as a non
charge dependant actuation mechanism. This has been primarily attributed to the
change in the polymer modulus during the actuation cycle. The subsequent part of
this thesis begins the development of linear system identification techniques to track
the effect of the changing modulus during actuation.
Thesis Supervisor: Ian W. Hunter
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Animal motion is perhaps one of the most fascinating and complex phenomenon that
occurs in nature. Through millions of years of evolution, animals have achieved a
diverse set of adaptations that make them thrive in many different environments on
earth. By looking at the world around us we can find a spectrum of specialized
motion that is difficult to produce artificially. One of the major challenges facing
aspiring robot makers is the lack of actuator technology that behaves as real muscle.
Mammalian skeletal muscle is capable of generating large energy densities (20-70
kJ/kg), large deflections (25%) at high strain rates (50% per second) for millions of
cycles [4]. They are capable of highly efficient energy conversion rates and well as
capable of regenerating themselves when damaged. No other man made actuator is
capable of matching the performance of mammalian muscle. This has driven the need
for the development of actuators technologies that are more like muscle. Various shape
memory alloys, electroactive ceramics and electroactive polymers have been created
and developed in the past 30 years. These are capable of mimicking either one or two







Figure 1-1: Conducting polymers listed in order: polyacetylene, polypyrrole, poly-
thiophene, poly(3-hexylthiophene), poly(3,4-ethylenedioxythiophene)
1.1 Conducting Polymer Actuators
Polymers have a number of attractive properties such as being lightweight, inexpen-
sive and are easy to mold and shape into any conceivable form. Various electroactive
polymers that are activated by ion diffusion are available in a variety of forms. Ionic
polymer gels, ionometric polymer-metal composites, conducting polymers and carbon
nanotubes are different types of ionically driven polymers that have the ability to re-
produce muscle performance. Conducting polymers offer one avenue of developing
new actuators that are like muscle. They are a broad class of materials that can be
fabricated in a number of different forms making the especially suited to develop-
ment. Polymers such as polypyrrole, polyaniline, and polythiophenes are electrically
conductive which make them unique among organic materials. Figure 1-1 shows the
more common conducting polymers. These polymers have a conjugated backbone
with delocalized electrons that makes these polymers conductive. In bulk form the
intrinsic conductivity of these polymers are not realized since the polymer chains are
entwined within one another. In this case, the polymers need to be doped with ions,
effectively making them semiconductors ([32]).
In order to be used as an actuator, conducting polymers need to be able to stand
freely as a bulk material and be mechanically stable enough to be tested in a dynamic
mechanical analyzer (DMA). When such free standing films are created one can see
mechanical deformations in the polymer based on an electrochemical stimulus. Thus
input electrical work is converted into mechanical work which is performed against a
known force. In the case of conducting polymers actuation is driven by the diffusion
of ions entering and exiting the polymer. This mechanism has been observed in many
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different types of conducting polymer actuator systems including polypyrrole [2, 6,
22, 28], various polythiophenes [2, 11, 16, 46, 48], poly(3,4-ethylenedioxythiophene)
[46] and polyanilines [40].
1.2 Actuator Modeling: Diffusive Elastic Metal
Figure 1-2 shows the basic mechanism that is generally used in describing how con-
ducting polymer actuators work. A polymer strip is placed in an electrochemical
bath as a working electrode. An electrochemical potential is applied to the polymer
strip that drives ions into the film. The ion diffusion causes the polymer to swell or










Figure 1-2: Schematic of working of conducting polymer
and out of the polymer film as the voltage is changed with
actuators. Ions diffuse in
a potentiostat.
A number of models have been developed that account for the impedance at
difference oxidation states. One of the earliest actuator models was developed by
John Madden [22]. In his diffusive-elastic metal model Madden assumes that the
polymers behave as metals and their modulus is a constant during an actuation cycle.
He also assumes that there is only one ion moving in and out of the polymer with
17
rates based on diffusion of the ions through the polymer. Based on these assumptions
he derives Equation 1.1 between the voltage applied and the current passing through
the polymer. This relationship is given by
N tanh(ac ) + V-s)
Y(s) * R = s 2- (1. 1)
RO + s3 /2 + s tanh( )
Dimensional analysis of Equation 1.1 yields 3 time constants that govern the time
response of the polymers.
a
2
* TD = E where a is the polymer thickness and D is the diffusion constant.
* TFRC RC is the double layer charging time.
* 7c = Y is the diffusion time through the double layer.
These show that the response will be dominated by the largest time constant. Exper-
imentally this is the time it takes for ions to diffuse into the polymer film (TD). This
equation only describes the electrical response of the polymer and it is necessary to tie
it to the mechanical response. One can relate the electrical domain to the mechanical
domain using the strain to charge ratio a by,
Et = + aq. (1.2)
It should be noted that Equation 1.2 contains certain assumptions. It assumes that
the polymer behaves as an elastic metal where the elastic strain is proportional to
the stress and the proportionality constant is the modulus. This model does not
explicitly account for the dynamic stiffness of the polymer as a viscoelastic material.
Madden also assumes that the modulus and strain to charge ratio are constant and
not a function of frequency or charge. In subsequent chapters, these assumptions
will be questioned and it will be shown that the modulus is indeed a function of the
charge. The modulus changes significantly during an actuation cycle and that this
effect is more profound in more exotic conducting polymers.
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1.3 Electrochemical Dynamic Mechanical Analyz-
ers
SPotentiostat
DAQ Voltage CurrentComputer DAQ
BordAcuator ...... ym.r.. Load Cell
Figure 1-3: Basic EDMA block diagram. For a more detailed diagram see Appendix
A
Linear actuators can be characterized by their ability to generate work against
known loads. The important parameters to measure when characterizing any un-
known actuator system are the polymer elongation (strain), the force the polymer
has to work against (stress), the work that the polymer is able to do, and the actua-
tor efficiency. To measure these properties many electrochemical dynamic mechanical
analyzers have been built in the Bioinstrumentation Lab [22, 36, 46]. The basic block
diagram of an electrochemical dynamic mechanical analyzer (EDMA) is shown in
Figure 1-3. A Data acquisition board (DAQ board) obtained from National Instru-
ments (model 6052E), is used to sample the force and displacement data as well as
send a voltage reference signal to a potentiostat (AMEL 2053). The DAQ board
also samples the potential and current going through the polymer. The software also
controls an Aerotech stage (ALS130) using an A3200 motion controller. The force is
measured by a Futek load cell (1 N max range) and the displacements are measured
using encoders present on the Aerotech stage. For more information of the EDMA
and the different tests that can be conducted see [46].
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-Load Cell
I Clamps ' Electrical Contacts
Aerotech Stage
Figure 1-4: Electrochemical dynamic mechanical analyzer built to test conducting
polymer actuators. The clamps containing the polymer are submerged in a bath
containing a counter electrode and the electrolyte.
1.4 Actuator Limitations and Enhancement Strate-
gies
The three time constants described in Section 1.2 show that actuator properties are
intrinsically diffusion limited. This limits the strain rates and strains that one can
achieve during actuation. The polymer has the ability to generate large forces if
actuated in parallel; however the time required to reach the maximum stress is large
due to the slow diffusion times. The polymer conductivity also limits the speed and
amount of actuation that one can achieve. Due to its poor conductivity, the polymer
actuates in regions closest to the contacts where the voltage is the largest. Towards
the center of the polymer the voltage is lowest and not much actuation is seen.
There are many different ways that one can use to get larger strain rates and to
generate larger forces, such as increasing the temperature, parallel actuation, blending
with different fillers. The next few sections discuss the developments in these areas
and sets up the primary motivation for this thesis.
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1.4.1 Temperature
One way to increase ion mobility within the polymer is to increase the temperature
of the actuation system. Various studies [10, 12, 15, 46] have been conducted that
show the influence of temperature on actuation behavior. Increasing the temperature
increases the speed of the actuator by reducing the diffusion constants associated with
the actuator system. These constants are given by the Arrhenius equation,
D = Doe R. (1.3)
Equation 1.3 shows the effect of temperature (T) on the diffusion constant D. The
exponential dependence of D on T significantly reduces diffusion times and speeds
up actuation in conducting polymers. There are many diffusion processes present in
the electrochemical setup that are not explicitly modeled in the model presented in
Section 1.2. In particular, the increasing temperature reduces the solution resistance
of the electrochemical setup as well as reducing the diffusion through the polymer
film.
1.4.2 Parallel actuation
In order for conducting polymers to be used in many practical applications they would
need to produce large forces (at least around tens of newtons). Individual muscle
fibers in humans are similarly weak and cannot generate large forces. But when
actuated in parallel they are able to produce extremely large forces. For example,
fish fins can generate up to 2 N of force and human biceps can generate up to 500 N.
One can try and replicate these large forces if the polymers are actuated in parallel.
Forces of up to 2 N can be generated when mechanical advantage is designed into an
experimental setup [15]. In this case, multiple polymer strips are attached in parallel
and actuated simultaneously.
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1.4.3 Manipulating the microstructure
There is anisotropy in the mechanical and electrical properties in conducting polymer
films. Rachel Pytel [30, 31] has demonstrated that these properties can be changed
when one rolls and stretches the films. For instance, rolling increases the conductivity
in the rolling direction but decreases it perpendicular to the rolling direction. The
diffusion coefficients of ions along these directions also change based upon the amount
the films were rolled or stretched.
Some groups have also shown [17, 18] that specially doped polypyrrole can elongate
to up to 30% strain. These large strains are attributed to the large ions that are being
driven into the polymer as well as its unique microstructure. The surface morphology
of the films are extremely porous due the conditions they were deposited under [13].
This increased porosity leads to faster actuation and larger strains. However, how
much of this strain is recoverable is unknown since Hara et al show no plots of
actuation data.
1.4.4 Blending with carbon nanotubes
Creating blends and composites with carbon and with other conducting polymers is
another way of enhancing polymer actuation properties. Carbon nanotubes (CNT)
are one such filler that have found particular application in polymer actuator research
[46, 49]. Blends of CNT's of polyanilines, polythiophenes, poly(3-hexylthiophene) and
poly (3,4-ethylenedioxythiophene) have shown enhanced actuation properties when
compared to the stand alone polymer films. CNTs provide additional mechanical
stability and conductivity that resulted in less creep, and faster actuation [46].
1.5 Potential Applications and Challenges
Even with its limited performance as an actuator many groups have attempted to
use conducting polymers in a variety of applications. From underwater autonomous
vehicles [3, 10, 13] to being active elements in microfuidic/MEMS devices [5, 37,
22
38, 39], the host of potential applications of conducting polymers seems to know no
bounds. Almost as big as if not bigger than the list of potential applications are the
challenges scientists and engineers face in realizing them. At its core, the problems
encountered in this research are tackled best from a materials science prospective. A
better understanding of how diffusion and microstructure influence actuation will help
scientists design actuators that can start to compete with muscle. The remainder of
this thesis discusses a specific technique known as breath figure templating that was
used to induce holes in soluble polymers. The influence of these holes on actuation
was studied and some improvements in actuator properties are seen.
1.6 Chapter Descriptions
Chapter 2 This chapter contains the motivations and development of the breath
figure templating technique which will be one the primary focuses of this thesis. It
contains the basic description of the technique and the formal theory of breath figure
formation. It also contains the description of the basic experimental setup that was
used to develop the template polymers.
Chapter 3 This chapter contains the application of the templating technique to var-
ious polymer systems including polystyrene, poly(3-hexylthiophene) and polypyrrole.
The possible effects of flow rate, concentration, humidity on breath figure formation is
discussed. An inverse templating technique involving the electrodeposition on breath
figures is also discussed.
Chapter 4 This chapter contains actuation data of the templated versus non-
templated films. Enhancements in polymer actuation was seen when the templated
films are compared to the control non-templated ones. The effect of the templating
technique on the polymer modulus is also discussed.
Chapter 5 The surprising actuation of poly(3-hexylthiophene) is discussed. Orig-
inally noticed by Nate Vandesteeg [46], the voltage dependent actuation of poly(3-
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hexylthiophene) is discussed and further characterized. The effect of the voltage and
charge insertion on the modulus is further analyzed.
Chapter 6 A new technique of dynamically measuring the modulus using a stochas-
tic force input signal is developed. The polymer compliance impulse response was cal-
culated and it evolution is studied as a function of charge. Various tests are performed
that try and track the polymer modulus as a function of charge.
Chapter 7 Conclusions drawn from this thesis and their implications to polymer
actuators are discussed. Possible areas of future work are also discussed.
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Chapter 2
Breath Figure Templating of
Polymers
Chapter 1 discussed the influence of the microstructure on actuation properties. Hara
et al ([17, 18]) manipulate the microstructure of polypyrrole by changing the elec-
trodeposition recipes. There are a number of other self-assembly techniques available
that can be used to template polymers. Other more controlled techniques of templat-
ing involve the use of polystyrene colloidal microbeads as templates [19]. Emulsions,
surfactants that self-organize and microphase-separated block copolymers, are other
common tools for templating [20, 24]. Even bacteria have been used to self assem-
ble into large scale structures that are templated on a microscale [14]. The most
detailed study of the polymer microstructure and its influence on actuation was con-
ducted by Rachel Pytel [31]. The study concluded that the porous films generated
by Hara et al did actuate faster due to greater porosity although the overall strain
achieved was lower. However, this electrochemical technique of changing the poly-
mer microstructure was difficult to control and not well understood. For insoluble
polymers such as polypyrrole this appears to be the only way to control the polymer
surface. However, the recent developments of synthesizing soluble conducting poly-
mers like poly(3-hexylthiophene) [27] have raised a unique opportunity to study the
effect of microstructure on actuation. Their solubility means that these polymers can
be molded, cast in different forms, in different shapes and templated using many of
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the techniques discussed above.
One of the most interesting and simple ways to template soluble polymers is
by using breath figures [7]. Breath figures are the fogs created when air containing
moisture hits a cold surface and condenses. Steyer et al showed that these patterns can
be formed on the surface of liquids [1]. The small bubbles that form on the surface
of the liquid or solvent can form highly ordered patterns on surfaces of a solute.
Only recently Widawski, Rawasi and Francois [47] showed that extremely ordered
hexagonal patterns can be formed on surface of polystyrene that was dissolved in
solvent as the solvent was evaporating. The next few sections describe the general
theory behind the formation of these structures and the device that was used to
template them.
2.1 Breath Figure Formation
Breath figure arrays (BFA's) form when moist air is blown over a cold surface such
as an evaporating solvent. The solvent system and the water must be immiscible
for the water droplets to form. This process is illustrated in Figure 2-1. Water
droplets condense on top of the solvent and begin to grow. As the droplets become
large enough they begin to bounce off each other and form the hexagonal pattern
characteristic of breath figures. These droplets collect and begin to form a large
mobile array [7]. If the solvent does not evaporate quickly and if the water droplets
are heavier than the solvent the droplets begin to sink into the solvent. Remarkably
these retain their structure even when inside the solvent. A new network of droplets
then begins to form on the surface of the film forming a 3D pattern. Eventually, all
the solvent will evaporate leaving a solid film of polymer with patterned holes. If the
water droplets are lighter than the solvent only a 2D structure is formed on the surface
of the film. This was not the only mechanism of BFA formation that was proposed,
for an alternative see [23]. The details of why the water droplets do not coalesce and
the mechanism of formation of BFA's into hexagonal structures are complex and not
fully understood. All that is known with certainty about the formation of BFA's is
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Figure 2-1: Mechanism of breath figure formation. Copied from [45]
their dependence on the solvent system used, the solute concentration, the moisture
content of the air, the air flow rate and the temperature. In most cases the BFA's are
generated on microscope glass slides, silicon wafers and even water [42]. The thermal
characteristics of the substrate used are important in BFA formation but also not
well understood.
This technique can be used to generate highly ordered arrays that are disperse over
large areas (10-6 - 10- 5m 2 ). Depending on the solvent system and conditions used
hole sizes down to 0.2 Am can be generated. Many different soluble polymers such as
various types of polystyrenes [7], poly(alkylthiophenes) [42], various organometallic
polymers, polyamides [50] have been shown to form BFA's. The solvents generally
used in the process are carbon disulphide (CS 2 ), chloroform, benzene, pentene, toluene
due to their highly volatile properties and the solubility of a number of polymers in
them.
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2.2 Breath Figure Device
To be able to produce reproducible and long range breath figures the following factors
were taken into consideration.
" The flow profile over the samples must be laminar and the flow rate accurately
known.
* The flow relative humidity must be measured dynamically as the breath figures
form.
" The temperature of the environment must be controlled.
In order to template the polymers an experimental apparatus was setup as shown in
figure 2-2. The setup consists of an ultrasonic humidifier' that generates the moisture
and mixes it with ambient air. Distilled water was used to generate the vapor that
was mixed with the air. The mixture was pumped into breath figure chamber where a
slide containing the solvent can be placed. The air goes through a flow meter2 before
it enters the chamber. The flow meter measures temperature, pressure as well as the
flow rate of the moist air. The humidity was measured using a humidity sensor3 . The
data was acquired using a Vernier Lab Pro data acquisition system.
In order to better control the air flow in the chamber, a ceramic filter 4 was placed
at the opening of the chamber. The filter makes the air flow laminar over the slide
and absorbs some of the contaminants present in the air. The ceramic material was
first cut to shape using a band saw and then sanded down to fit inside the chamber
(Figure 2-3). The chamber itself has a uniform cross section of 25 mm x 25 mm
that was uniform throughout its length. It was built to maintain a constant known
flow rate throughout the chamber. At the center it has an opening through which
the slides containing the samples can be placed in the chamber. The breath figure
1ETS Model 572 ultrasonic humidifier
2Omega flow meter www.omega.com FMA 1609A
3Vernier humidity sensor









Figure 2-2: Breath figure device showing the ultrasonic humidifier, the flow meter
and the breath figure chamber (Image: Mark Barineau).
chamber was placed inside a temperature control chamber 5 . This experimental setup
was very similar to the setup used by Lulu Song [42].
Figure 2-3: Ceramic filter used in the breath figure chamber to generate laminar
flow.
2.2.1 Measurement of relative humidity and flow rates
The placement of the humidity sensor was important in the device design. Ideally
the sensor would measure the humidity very close to sample. However, it was unclear
how this would influence the flow field around the sample. Since it was important
to generate a laminar flow over sample, the sensor was not placed in this location.
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Figure 2-4: Typical relative humidity and flow rate profiles that one gets during the
BFA formation process.
Another area to put the sensor would be in the mixing chamber before the fluid was
pumped into the chamber. However, the moisture does condense in the pipes before it
reaches the chamber and presumably changes the relative humidity near the sample.
In the final design the sensor was placed toward the end of the chamber after the
air passes over the sample. The flow rates were measured using a omega 1609A flow
meter which uses the static pressure differential at the inlets and outlets to determine
the flow rates,
(P - P2 )7rr 2
8Qi= (2.1)
where P and P2 are the static inlet and outlet pressure, r is the radius of the restric-
tion, T is the fluid viscosity and L is the length of the restriction. The fluid viscosity
was calibrated for dry air and in this application moist air must be used. In order to
rescale the data, the viscosity of the moist air was determined and Equation 2.2 was
used. Equation 2.2 shows the dependence of the flow rate on the viscosity of the fluid
being used, where q, is the fluid used in the experiment and 71 is the fluid used in
the calibration.
QOg = Qi (2.2)
77og
Figure 2-4 shows typical data that one gets from the sensors. The flow rate reaches
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its steady state value within a few seconds but the relative humidity reaches a steady
state only after around 10-20 s (Note that there is a transient involved with the
measurement of humidity from the sensor itself). It was unclear how these transients
effect the initial breath figure formation but the nucleation of droplets occurs almost
instantaneously. The general effects of the flow rate and relative humidity on BF
formation is discussed in Chapter 3. The setup can reach flow rates of up to 0.5
m/s and relative humidity of 95%. Higher flow rates cannot be achieved because the
humidifier cannot withstand high pressures.
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Chapter 3
Development of Polymer Films
Mammalian skeletal muscle tissue has an intricate structure (Figure 3-1) that lets it
get large strains with high strain rates. In muscle, sliding filaments in the sacromere
slide over each other under the action of ATP. This process is highly efficient and re-
sults in large contractions. Any good polymer actuator that hopes to replicate human
muscle must reproduce strain rates of over 30% per second. The mechanism proposed
by Madden [22] describes the diffusion limited behavior of these materials. However,
various groups and studies [13, 17, 18, 31] have shown that polymers do actuate faster
when they have a porous microstructure. The device developed in Section 2.2 was used
in the development of different types of polymer films with induced porosity. There
are number of polymers that have been templated using the breath figure (BF) tech-
nique described in Chapter 2. Most of them have been polystyrene based polymers
that generate well ordered BF's in various solvents. For example, linear polystyrene
forms breath figures in chloroform [29], polystyrene with various end groups form
BFA's when cast in carbon disulfide [7]. Only certain conducting polymers are able
to be templated in this way. Various types of polythiophenes have been successfully
templated using this technique. Among conducting polymers they are unusual since
they can be cast out of a solvent in a neutral state and this state forms BF's breath
[7, 41, 42]. To make them conducting, polythiophenes such as Poly(3-hexylthiophene)
can be treated with iodine crystals in vacuum for 30 mins. The resulting films have a
conductivity of 100-500 S/m. The remainder of this chapter, the application of the BF
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Figure 3-1: Structure of real muscle tissue. Coppied from [33]
templating technique to linear polystyrene, poly(3-hexylthiophene) and polypyrrole
is discussed.
3.1 Application to Polystyrene
Polystyrene and chloroform mixtures are one of the most commonly used polymer-
solvent systems that shows breath figures. Polystyrene, although not a conducting
polymer still displays some of the major trends of BF formation. Also polystyrene has
been used to template other conducting polymers such as polypyrrole as elaborated
in Section 3.3. Linear polystyrene (PS) without any end groups show breath figures
when dissolved in chloroform [29]. Polystyrene (Mw 280,000 GPC) and chloroform
were received from Aldrich and were used without further processing. Solutions of
different concentrations were prepared and a few micro liters were placed on a glass
slide. The slide was placed in the BF chamber and the system turned on and adjusted
to the right flow rate and relative humidity. After about 30 s - 60 s the solution and
droplets completely evaporate leaving behind the templated PS film. The films were
then taken to an optical microscope' to be imaged. Scales were added to the resulting
images using Adobe PhotoshopTM.
'Nikon Eclipse E800 optical microscope
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Figure 3-2: Left: 5 wt% PS solution in Chloroform, Right: 0.5 wt % PS solution in
chloroform. Both films were cast at a relative humidity of 85% and flow rate of 0.1
m/s.
One of the most important factors influencing BF formation was the concentration
of original solvent polymer solution. Generally, more concentrated solutions lead to
the formation of less ordered breath figures. Figure 3-2 shows the affect of the polymer
concentration on BF formation in polystyrene. Highly concentrated solutions form
highly viscous solutions that negatively influence BF formation. The high viscosity
damps out the thermally driven convection currents that lead to the bubble arrays
eventually bouncing off each other and ordering. The films cast from concentrated
solutions show highly localized areas of bubble arrays with little or no order. More
dilute solutions show highly ordered hexagonal holes on the surface of the films. Holes
down to 5 pm have been created in a linear PS solution that are ordered for over
2x 10- 6m 2 in area (Figure 3-2). The resulting polymer has two distinct regions; the
outer areas and the areas close to the center. The polymer that was formed at the
outer edges of the drying drop has the best ordered regions and is ordered over a
large area. Closer to the center of the drying drop, the order breaks down due to the
increased concentration of the solution in this region.
The other important factor in BF formation was chemistry. Figure 3-3 shows two
different polymer/ solvent systems that formed BF's under similar conditions. PS
with different end groups 2 in carbon disulfide form smaller holes (2-5 pm) but the
2pS monocarboxy terminated, MW 50,000 obtained from Aldrich
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Figure 3-3: Left: PS monocarboxy terminated in carbon disulfide. Right: Linear
PS in Chloroform. Both films were cast at 85% humidity and high flow rates.
holes are not as mono dispersed. Linear PS cast in chloroform shows bigger holes
with uniform size over larger areas.
One of the most important parameters that influences the hole size was the flow
rates used during BF formation. Figure 3-4 shows the influence of flow rates and
concentration on the hole sizes. For the smallest hole sizes it was difficult to focus the
optical microscope to obtain sharp images. Large flow rates form smaller holes which
are consistent with the trends described by Bunz and Song [7, 42] and mechanism
described in Maruyama et al and Srinivasrao et al [23, 45]. Also high humidity results
in larger hole sizes in an almost linear fashion, with smaller holes forming at lower
humidity (not below 50%). For a summary of the hole size dependence on the flow
rates and humidity see Table 3.1.
Low Setting High Setting
Flow rate (m/s) 0.18-0.19 0.32-0.36
Relative Humidity (%) 86-94 90-96
Hole Size (pm) 1.5-4 1-4
Table 3.1: Hole size dependence of PS films on flow rate and humidity
3.2 Application to Poly (3-hexylthiophene)
Poly(3-hexylthiophene) (P3HT) was synthesized by Dr Hongwei Gu. P3HT 3 syn-
thesized with FeCl 3 in chloroform was stable enough to be cast into a film. P3HT
3 GPC data: Mn:31465, Mw:52698,PDI: 1.674799
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Figure 3-4: Flow rate and concentration dependence of PS breath figure forma-
tion.(Image: Mark Barineau)
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Figure 3-5: Left: P3HT film cast in ambient conditions without any flow. Right:
P3HT films cast at a high humidity and high flow rate. The films were cast from 0.5
wt% P3HT.
/chloroform solutions were prepared and tested in the same way as the PS/chloroform
solutions. P3HT does not form BF's that are as ordered as PS but they are dispersed
over a larger area. However, the general trends that apply to BF formation in PS also
apply to P3HT. Figure 3-5 shows the difference between P3HT films from chloroform
cast in ambient conditions without any air flow and P3HT films cast in the BF device
with moist air flow. The figure shows that the control films do not form any breath
figures but the films cast in moist conditions showed holes. As in PS there are more
ordered areas near outskirts of the drop and the center has less ordered holes. Also
more concentrated solution show little or no order (Figure 3-6).
3.2.1 Relationship between hole size, air velocity and humid-
ity
As in PS, P3HT shows similar trends in BF formation for air flow rates and humid-
ity. High relative humidity led to less ordered breath arrays so the range of relative
humidity that can be used for breath figure formation was lowered. The high and
low settings for humidity overlap by a significant amount. The reason for the upper
limit of BF formation was probably because of the different viscosities of the chloro-
form solutions with P3HT. For a summary of the hole size dependence of P3HT films
generated see Table 3.2. In both PS and P3HT systems, the initial transient does
not affect the BF formation. Hence, the settings shown in Tables 3.1 and 3.2 are the
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steady state settings. Figure 3-6 shows the formation of BF's in P3HT in different
0.1 wt% (low flow velocity) 0.1 wt% (high flow velocity)
0.5 wt% (low flow velocity) 0.5 wt% (high flow velocity)
Figure 3-6: P3HT cast in various conditions of flow rate and humidity. (Image:
Mark Barineau)
Table 3.2
Low Setting High Setting
Flow rate (m/s) 0.19-0.23 0.37-0.39
Relative Humidity (%) 70-75 65-78
Hole Size (pm) 1-3 0.8-3
: Hole size dependence of P3HT films on flow rate and humidity.
conditions. A high flow rate and low concentration form the best BF's.
3.2.2 Different solvents
Most of the literature involving BF formation uses carbon disulfide when generating
breath figures with P3HT. Figure 3-7 shows the difference between films cast from
carbon disulfide and chloroform. Films cast in carbon disulfide show holes on the
surface of the film but these were difficult to resolve with the optical microscope.
Furthermore, the films generated using carbon disulfide were difficult to peel off the
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Figure 3-7: Left: P3HT films cast from a carbon disulfide solution. Right: P3HT
films cast from a chloroform solution.
slides and make free standing even though they were templated. The films clump up
and not have good mechanical stability. Hence, carbon disulfide was not used as a
solvent for further development.
3.2.3 Creating free standing films
In order to be tested in the EDMA described in Section 1.3 the polymer films must be
free standing and be mechanically stable. The films must be at least 1 mm x 10 mm
and greater than 10 pm in thickness. Since concentrated solutions do not form good
breath figures, we must generate these using dilute films. The casting was broken
down into multiple steps.
1. Films were cast using a concentrated solution in ambient conditions. (One can
easily generate films of varying thickness in this step.)
2. Dilute solution was poured on the existing film. This solution would evaporate
in the BF device under the same conditions that generated good breath figures.
There are a few drawbacks to this technique. Since the films are no longer trans-
parent, they could not be optically probed. Hence, surface profilometry was done to
characterize the films (Figure 4-2). When the dilute solutions were put on the base
film, the film begins to dissolve and the initial concentration changed. Also the slides
that were used in this process were covered with Teflon coated aluminum foil. This
helped in removing the film from the slide. However, how the Teflon affected the BF
formation was not known.
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3.3 Application to Polypyrrole
The BF templating technique can only directly be applied to polymers that are sol-
uble in different organic solvents. This severely hinders its application as a general
templating technique for a host of other polymers that have a high molecular weight
and are insoluble in most solvents. This section describes a technique which uses
BF's to template polypyrrole and polymers that are insoluble but can be grown elec-
trochemically.
3.3.1 Creating templates on electrodes
Figure 3-8 shows the general scheme of this templating technique. In this case, the
PS/Chloroform solution was cast on a 25 mm x 25 mm glassy carbon electrode.
The electrode with the solution was placed in the BF device and cast under the
conditions described in Section 3.1. The resulting PS films that forms sticks to the
glassy carbon, leaving the areas with holes exposed. The electrode was then placed
in an electrochemical bath where the templated electrode was the working and a
clean glassy carbon electrode was the counter. The electrolyte used was 0.05 M
tetraethyl ammonium hexaflourophophate and 0.01 M pyrrole in propylene carbonate.
A silver wire pseudo reference electrode was used and the deposition was carried out
at constant potential of 0.8 V. PPy was then electrochemically grown on the electrode
through the PS template. After the deposition the entire electrode was treated with
chloroform which dissolves the polystyrene but keeps the polypyrrole intact. The
resulting PPy film has columns on the electrode side of the film (Figure 3-9). There
are two major ways in which PPy can grow on the electrode. The polymer can grow
through the holes and then merge outside the film or the polymer forms on the outside
and then enters the holes. It was unclear which mechanism dominates, and was most
likely a combination of both mechanisms.
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Figure 3-8: Schematic of inverse templating.
3.3.2 Control of height of columns
One can change the hole sizes in the PS films by adjusting the flow rates in the BF
device. The diameter of the columns can be controlled by changing the hole sizes.
The columns are shaped as water droplets that are terminated at the electrode surface
giving it a flat top. The processes that come out of the columns are the PPy that grow
into the cracks in the polystyrene film. The column heights can also be controlled
by changing the thickness of the initial PS film that was cast on the glassy carbon
electrode. The thicker films were cast from 1 wt% PS solution and thinner films were
cast from 0.1 wt% solution. Figure 3-9 shows columns of PPy deposited on thin and
thick PS templates.
The thicker films that are used as templates for the taller columns are generated
using a more concentrated PS solution. The resulting templates are thus not very
well ordered. The shorter columns grown on thinner PS films have columns that are
more ordered and better dispersed over a larger area.
3.4 Conclusions
The breath figure templating technique was used to template polystyrene, poly(3-
hexylthiophene) and polypyrrole. The dependence of the hole size on flow rates and
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Figure 3-9: Bottom, Left: Columns of PPy grown on a thicker PS template. Bottom,
Right: Individual columns of PPy having height of 10-15 pm. Top, Left: Columns of
PPy grown on a thinner PS template. Top, Right: Individual columns of PPy having
a height of 1-4 pm.
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relative humidity was discussed. The affects of polymer concentrations and solvent
chemistry was also briefly discussed. Hole sizes between 1-4 pm are generated in PS
and 0.8-5 pm are generated in P3HT. The technique was also used to template glassy
carbon electrodes that are used to inverse template polypyrrole. Columns 1-15 Am
in height can be generated using this technique. This technique can be used to make
any polymer that can be grown electrochemically as long as the solvent used does not
dissolve the polystyrene templates. In the next chapter the influence of the holes on




4.1 Theory: Diffusion enhancement
Section 1.4.3 shows how adjusting the microstructure can enhance actuator perfor-
mance. John Madden [22] derived an admittance relationship that was governed by
three time constants (Equation 1.1). In order to improve the strain rates that are
exhibited by conducting polymers, one needs to make these time constants smaller.
The time constant that relates to diffusion (TD), depends on the thickness (a) and
the diffusion constant (D) and was given by Equation 1.1. Nate Vandesteeg [46]
showed that this time constant can be changed when the temperature was changed.
He applied a square wave input and measured the step response of the polymer. The
resulting response was fit to a two time constant model. The tests were conducted
in isometric mode where the length of the polymer was kept a constant and the
stress was measured. Vandesteeg showed that one of the time constants changed as
a function of temperature while the other stayed the same. Another way to change
this time constant was to reduce the thickness of polymer films. This reduces the
maximum charge a polymer can hold but makes it reach its steady state response
faster. If one considers that diffusion occurs within the solid polymer one can define
an equivalent diffusion thickness that was based upon the amount of solid material
present in the film. Thus the polymers equivalent diffusion thickness can be reduced
by inducing porosity inside the polymer. This way ions can reach the center of the
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Figure 4-1: Diffussion enhancement by increasing the porosity of the films.
polymer quickly reducing the time constant (Figure 4-1).
4.2 Templated Poly(3-hexylthiophene) films
Free standing P3HT films were created using the process described in Section 3.2.3.
Templated films were cast at 0.4 m/s, 80% humidity and 25 0C inside the breath
figure chamber. Films of 32 pm in thickness were cast by the layering technique
described in Section 3.2.3. A thin film with holes break while testing so relatively
thick films of P3HT were cast to give the polymer additional mechanical stability.
For the sake of comparison, films of similar thickness were cast at ambient conditions
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Figure 4-2: Surface profiles of the templated and non-templated films. The mea-
surements obtained by using a Mitutoyo micrometer were 32 pm while the average
thickness was 25 pm for the templated and 32 Mm for the non-templated films.
The thickness was a critical measurement in the analysis of the any possible diffu-
'Surface Profiles were measured using a Mitutoyo Surftrac SV2000
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sion enhancement. A simple micrometer measurement using a Mitutoyo micrometer
was not sufficient to measure the thickness since any granules, or unevenness on the
surface will skew the measurements significantly. The surface profile data was more
accurate but it only gives one dimensional data and may not be able to fully charac-
terize the polymer step response. Also the tip of the probe on the Mitutoyo surface
measurement system was 2 /pm which was bigger than the smallest surface feature on
the samples. The thickness of the films was measured using both techniques.
The P3HT films were tested in a 0.1 M solution of tetrabutylammonium hex-
aflourocphosphate (TBAP) in propylene carbonate (PC). The films were sputter
coated with 200 nm of gold on the non-templated side of the samples to enhance
its conductivity. Cyclic voltamograms of the two different kinds of samples were
obtained before every test. These were used to warm up the samples before actu-
ation data was collected. The wet moduli of the films were also measured before
the actuation tests were performed. Figure 4-3(a) shows cyclic voltamograms (CV)
of the two films. The oxidation and reduction peaks occur at the same potential.
More current passes through the non-templated sample due to the larger amount of
material present. Square wave tests were conducted in isometric and isotonic modes
(Figures 4-3(b) and 4-3(c)). The square waves were used to determine how fast the
stress reached its saturation and was a good way to compare the strain rates between
the two samples. In isometric mode, the stress oscillations in both samples are ini-
tially different but eventually fall onto the same curve not showing any significant
variation. This may be due to the fact that after a few cycles the polymer begins
to swell and the holes become smaller damping out any strain rate enhancement. In
isotonic mode the strain oscillations are not significantly different either. The strain
amplitude was 0.8% for the templated sample and about 1% for the non-templated
sample. It would appear that inducing holes onto a film does not significantly alter
the strain rate that was associated with diffusion (i.e. the curve does not saturate
quickly enough). Also the templated sample creeps more than non-templated sample
which was an undesirable effect.




















Figure 4-3: P3HT actuation in isometric mode and isotonic modes. Films were tested with a square wave voltage input going
form 0-1.5 V and a period of 60 s. For isotonic mode the applied stress was 0.75 MPa. The cyclic voltamograms Figure 4-3(a)
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Figure 4-4: The effective wet modulus of the templated and non-templated samples.
Samples were tested in 0.1 M TBAP and PC.
and 4-3(c)) one notices that there was a significant difference between the time con-
stants in the step response. The curves in isometric mode saturate much faster than
in isotonic mode. This effect implies that the polymer response was limited when it
was actuated in isometric mode based on the way it was constrained and not due to
diffusion. Therefore, the time constant analysis presented by Madden [46] may be
incomplete and may not be able to explain P3HT actuation.
4.2.1 Effect on modulus
To fully understand the effect of templating one must understand how inducing holes
affects the polymer mechanical properties. To do this the modulus of the templated
and non-templated films were measured at different frequencies (Figure 4-4).
There was a significant difference between the modulus of the two samples. This
may be accounted by the fact that the local stresses in the templated samples are
much higher than the average stress measured in this test due to the smaller cross-
sectional area of the templated films. This also means that the constant stress at
which the polymer was held was much higher in the templated samples. Hence, the
control samples need to be actuated at a much higher stress in order to compare the
responses.








0 50 100 150 200
Time (s)
Figure 4-5: Isotonic tests of the control and the templated samples. The templated
samples were actuated at 0.75 MPa and the control was actuated at 2 MPa.
was the cross-sectional area, one can scale the stresses based on the modulus data
in Figure 4-4. The stress in the templated sample was 2 MPa. If the control was
tested at this higher stress, one sees a definite enhancement in the performance of
the templated samples (Figure 4-5). The strain in the templated samples rise much
faster than the non-templated samples with about the same creep rates indicating a
significant improvement in performance in P3HT. The strain rates in this particular
case went from 1% in 25 s in the templated samples to 0.25% in 25 s in the non-
templated ones.
4.3 PPy films
Section 3.3 illustrates a technique that can be used to template PPy using breath
figures. This induced columns on the electrode side of the film and holes on the
solution side of the film. It was unclear how this structure will influence the actuation
of the films but it was worthwhile to see if the increased surface area will actually
improve the PPy performance.
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(c) Isometric actuation of PPy films.
Figure 4-6: a. SEM image of the electrode side of a PPy film taken after the film was actuated. b. 
Surface profiles of
templated and non-templated samples. The surface roughness of the templated was much 
higher than the non-templated ones.
c. Isometric test performed with a square wave input for 10 cycles.
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Figure 4-7: The average stress per cycle fitted to a two exponential model based on
analysis in [46].
The surface area of these films was enhanced by a great deal allowing ions access to
the interior of the film. The thickness measurement problem in this system was even
more pervasive than the thickness measurements in the P3HT system. Measuring
the thickness using a micrometer will severely skew the results, so the thickness
was measured using surface profilometry and averaging across many measurements.
Figure 4-6(b) shows the surface profiles of the templated and non templated samples.
PPy films were deposited at a constant voltage of 0.8 V versus a silver wire pseudo
reference electrode, for 12 hours. One electrode had the polystyrene template and the
other one did not. After deposition both films were placed in chloroform solution in
order to dissolve the remaining polystyrene. The films were actuated in 0.1 M TBAP
solution in propylene carbonate. Figure 4-6(c) shows the isometric data taken for 10
cycles. The polymers start at a high pre-stress of 2 MPa in order to prevent them
from going into slack. The templated sample reached steady state much faster than
the non-templated sample although the saturation stress was a much lower. This is
what one would expect from a sample with high porosity. Based on an analysis by
Nate Vandesteeg [46], a two time constant model was fit to the average stress per
cycle (excluding the first cycle). In this system, the two time constants fit the curves
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(Figure 4-7), and one of the constants do not change between the samples and other
one one does. The smaller time constant remains unchanged from 2.13 s to 3.23 s,
the larger one changes from 3.4 s to 14.6 s. A more detailed discussion of this analysis
is given in Section 5.1.1. No modulus tests were carried out for these samples.
4.4 Conclusion
With some trade offs involving the modulus, templating improves the actuator per-
formance. One must be careful in accounting for the local stresses in a templated
sample, since they are larger than the non-templated ones. This was because the
cross-sectional area in the templated films was smaller than the non-templated ones.
Also the induced holes cause the sample to break apart during testing. Due to the
porous nature of the samples, one cannot accurately account for the stresses within
the templated polymer. This problem also illustrates the importance of measuring
the thickness accurately. For samples with dominant surface features using a microm-
eter was not sufficient and alternative techniques must be used. For example, one can
cleave the films after freezing them with liquid nitrogen and look at the cross-section





Poly(3-hexylthiophene) is an interesting conducting polymer system because it is sol-
uble in many common solvents and can be cast into free standing films relatively
easily. This makes it an interesting system to study because of its unique processabil-
ity. Fuchiwaki et al [16] are the first to describe the actuation of P3HT films. The
films were sputter coated with gold and were actuated in solutions of 0.2 M TBABF 4 .
The study concluded that the actuation in these films were different from PPy but
did not go into details about any mechanism. A more significant study about P3HT
actuation was conducted by Nate Vandesteeg [46] who tested P3HT films doped with
iodine and blended with nanotubes. The nanotubes enhance the conductivity of the
P3HT films as well as increase the stiffness of the material, which helps in reducing
the creep in the polymer. In both systems, he noticed anomalous actuation phe-
nomenon where the stress did not follow the charge linearly and that there was a
large hysteresis in the response. He demonstrates that P3HT films do not strictly
follow the Equation 1.1 where the stress and the strain follow the charge. He also
noticed a voltage dependent on/off mechanism for actuation. In subsequent sections
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Figure 5-1: The two time constant model fitted to step response data of P3HT. a.
Smaller time constants fitted to actuation data correlated to the cross-sectional area.
b. The larger time constants fitted to the actuation data.
5.1 Non-Diffusive Elastic behavior of P3HT films
Equation 1.1 derived from John Madden's model can be shown to give three time
constants of which at least one is related to diffusion [22].
5.1.1 Diffusion time constants in P3HT
In order to validate the part of the model described in Section 1.2 with P3HT, the
following experiment was conducted. P3HT films of varying thickness were cast and
tested in isometric mode. Films were warmed up until the CV did not change upon
further cycling (around 8-10 cycles). The films were tested using square waves going
from 0-1.5 V for 10 cycles. Data from the last 9 cycles were taken and averaged
together to give the active stress per cycle. The minimum stress from each data
set was subtracted to give an average stress per cycle vs. time. A two time constant
model was fit to this data using MATLABTMS Isqcurvefit tool. (Similar to analysis in
Section 4.3 and [46]). Figure 5-1 shows the time constants that were fitted to different
stress curves of samples with varying thicknesses plotted against the cross-sectional
area. If these time constants are the ones referred by John Madden then there should
be a parabolic relationship between the time constants to either the thickness or
the cross-sectional area of the polymer. Nate Vandesteeg [46] refers to the larger
time constant as the one related to diffusion and uses this to obtain the diffusion
constants in PPy. However, this analysis does not hold in the case of P3HT since
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the time constants do not scale quadratically with thickness. Some of the reasons the
diffusive-elastic model may be incomplete in this case are:
" The response in isometric mode saturates much faster in isometric mode than in
isotonic mode, implying that constraining the polymer influences the actuation
behavior.
" The thickness measurement does not account for the porosity of the films. How-
ever, in this case it should not matter because the films are not porous.
" The time constants are voltage dependent, implying that they are influenced
by phenomenon other than diffusion. (Figure 5-2)
5.2 Voltage Dependent Actuation
Poly(3-hexylthiophene) actuation is very different from PPy actuation in that it shows
an on-off mechanism based on voltage [16, 46]. In PPy, the active stress or strain
usually follows the charge that is injected into the polymer (This is true in most cases
except in certain electrolytes [31]). In P3HT there is a threshold voltage that must
be crossed before any significant actuation is seen regardless of the charge. Figure
5-2 shows a typical actuation data in P3HT films for a square wave input. The
square wave amplitude needs to be above 1.3 V before any significant actuation was
seen. This threshold changes when different salt/solvent systems are used but was
always present. The diffusive-elastic model does not predict this behavior nor does it
provide any way to understand any voltage dependence of actuation. Also the time
taken for the polymer response to saturate also changes significantly as the voltage
was increased implying that the time constants are also a strong function of voltage.
Figure 5-3 shows similar isometric tests but in 0.1 M TEAP and PC but where the
polymer was excited at much higher voltages. To understand this data one needs to
start from a more fundamental equation of polymer actuators,
0-
ct = + aq, (5.1)
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Figure 5-2: P3HT actuated in 0.1 M LiTFSi and PC. At low voltages, charge
passes through the polymer but there was little or no actuation. When the voltage
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Figure 5-3: Isometric tests carried out with P3HT where the polymer was excited
with square waves of increasing amplitude. The tests were carried out in 0.1 M TEAP
and PC. This was the average stress per cycle over 6 cycles with a period of 25 s.
where ft is the total strain, E is the modulus, - is the stress, a is the strain to charge
ratio and q is the charge injected into the polymer. In an isometric test the total
strain in the polymer is zero and one can rewrite Equation 5.1 as,
-aE. (5.2)
q
Equation 5.2 is significant because it relates dynamic experimental quantities such
as stress and charge to static quantities like modulus and the strain to charge ratio.
This is also a steady state equation valid only when the charge going through the
polymer settles down to a constant value. This state is easily achieved in a square
wave test after the voltage switches and the polymer is allowed to arrive at a steady
state.
Figure 5-4 shows the left hand side of Equation 5.2 plotted vs. time for different
voltages. These curves start at a very low value when the charge injected was small
and then saturate at the tail end of the cycle. The steady state value of this curve
should correspond to the aE. Figure 5-5 shows this saturation stress plotted against
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Figure 5-4: Average stress per charge plotted per cycle for the different voltages.
The curves start at negative infinity when the charge was small but as the charge
saturates the curves reach a steady state value.
compressed onto one curve. This implies that the modulus and the strain to charge
ratio are functions of voltage. There are two competing sources for this change. One
of the parameters (E or oz) increases with voltage and the other decreases with voltage
in P3HT (Figure 5-5). The changing modulus was also seen in PPy and the origin
of this affect is controversial [25, 26, 31, 43, 44]. For more discussion about this the
changing modulus see [31]. It should be noted that this curve can shift up or down
depending on where the saturation was reached but the general trend should still be
the same.
5.3 Conclusions
This chapter illustrates the shortcomings of the diffusive-elastic model in fully char-
acterizing conducting polymer actuators. It should be noted that this model was
derived for polypyrrole and it should be no surprise that this model cannot account
for other more exotic classes of conducting polymers. The voltage or charge depen-
dence of the modulus or the strain to charge ratio was absent from this model. The
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Figure 5-5: The stress per charge plotted against the voltage for the data represented
in Figure 5-3.
dependence in its mechanical properties. Also simple linear elastic models given in
Equation 5.2 do not have enough experimental parameters to fully describe actuator
behavior. This establishes the need for higher order models that have enough exper-
imental parameters that can describe conducting polymer actuators fully. The next
chapter sets the framework for the development of these higher order models.
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Chapter 6
System Identification of Actuator
Modulus
The previous chapters illustrate the need for generating more experimental parame-
ters when characterizing conducting polymer actuators. John Maddens model works
extremely well for polypyrrole but falls short for more exotic polymers such as poly(3-
hexylthiophene). It does not explain the changing modulus of a polymer during the
actuation cycle. Many groups have shown that this was a fairly significant effect even
in polypyrrole. They have tested polypyrrole by applying a constant potential and
then measuring the modulus statically at a constant strain rate [25, 26, 43, 44]. There
are large discrepancies on how the modulus changes with charge and potential [31].
The modulus was also probed during actuation and the modulus did not clearly follow
the oxidation or reduction of the films [34, 35]. A variety of mechanisms have been
proposed that account for the changing modulus. It can occur due to plasticizing of
the polymer due to the diffusion of ions into the film, solvent swelling, or a molecular
level change in the structure of polypyrrole due to oxidation or reduction [31]. It
can also be a combination of all of these effects which means that under different
conditions different mechanisms will dominate.
As we develop new actuators, the need to understand how the modulus changes
during actuation. Aside from being a good actuator poly(3-hexylthiophene) (P3HT)
also exhibits anomalous actuation properties. Nate Vandesteeg's [46] initial tests show
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that with a triangle wave input the stress does not follow the charge or the potential.
His tests revealed that the modulus does change with the potential applied. However,
the nature of the tests do not reveal how the modulus changes with charge or potential
and how long do these change persist within the polymer during the actuation cycle.
There is a great experimental need to develop techniques that one can use to
separate the different factors that influence the polymer modulus. These tests need
to be conducted dynamically during the actuation cycle in order to be relevant. The
difficulty here is that there can be a number of factors that can influence the changing
modulus and separating the causal relationships from the non-causal relationships is
challenging. The remainder of this chapter is devoted to the development of system
identification techniques. These techniques are powerful since one can extract a large
amount of information from a given set of experimental data. Also since the data
is statistical in nature one can separate the non-causal variations in data from one
another.
6.1 Linear System Identification
System identification is the science of developing or improving mathematical models
of systems using experimental data of input, output and noise within a system. In
this thesis, I will limit my discussions to linear systems.
6.1.1 The impulse response function and the Toeplitz matrix
Consider a single input single output system (SISO), where y is the output and x is
an input. They can be related by a function h by the equation,
N
yi= h(j)x(i - j), (6.1)
where h(j) is the impulse response function, since Equation 6.1 gives h for a 6(i) input.
This equation represents the convolution of the impulse response function with the
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given input to get the output.
YN X1  X2 . N hN
YN+1 X2  X1  N-1 hN-1
(6.2)
YT XT-N XT h
we can then multiply both sides by the transpose of matrix x and get
CXYN CXX1  CXX 2  . . CXXN hN
CXYN-1 CXX 2  CXX 1  - CXXN-1 hN-1
(6.3)
CXy1 CXXN CXXN- 1  . Cxx 1
Cxx and Cxy are the auto and the cross correlation functions of the input and output
sequences (For details see [21]). By inverting the Toeplitz (Cxx) matrix we can solve
for the impulse response function. The impulse response contains an extremely rich
amount of information about the system of interest. One can obtain various param-
eters such as damping, resonant frequencies and DC gains from this response. If the
input is a force and the output is a displacement the impulse response represents the
compliance (reciprocal of the modulus). The natural frequency, damping and gain
evolve as a function of charge and voltage and hence we would need to study the
evolution of the impulse response as a function of these parameters.
6.1.2 Correlation and coherence functions
The analysis in the above section is limited to linear systems without any noise.
However, according to Bussgang's theorem [8] if one uses a Gaussian white noise
input then the linear analysis is still valid to obtain the impulse response. It is still
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Figure 6-1: Cyclic voltamograms of the clamps, Left: Electrochemistry of gold
clamps in 0.05 M LiTFSi in PC. Right: Electrochemistry of gold clamps in 0.05 M
TBAP in PC
The coherence function [21] defined below gives an estimate of the amount of noise
and nonlinear elements present in the model.
I2(k) = s (k)Sx (k) (6.4)Sy (k) Sxx(k)
where Sxy is the averaged cross spectral density of the input and the output, Sxx
and Syy are the spectral densities of the auto correlations functions. Essentially if
the -Y2 = 1 then the response is linear and y2 < 1 gives a estimation of the amount
of noise and non-linearity's in the system. For a more detailed discussion of system
identification and the coherence function see [21].
6.2 DMA modification
The above techniques are sensitive to any non ideal conditions present in the EDMA.
One source of error in the DMA was the electrochemistry of the gold clamps. Figure
6-1 shows this effect. The CV's show a large amount of current passing through the
clamps in solutions of LiTFSi and TBAP and propylene carbonate. Also the gold
clamps cannot provide enough clamping force when the sample was being moved







Figure 6-2: Firewire EDMA with new delrin clamps.
designed and built (Figure 6-2). These were made of PTFE filled Delrin1 to eliminate
the electrochemistry and two M2 screws provided the clamping force. Electrical
contact was made using stainless steel foil sandwiched between the clamps and ideally
not exposed to the electrolyte solution.
These tests were performed using a different DMA setup from the one described
in Section 1.3. This one consisted of a linear stage2 shown in Figure 6-2. Data
was acquired using a DAQPad 6052E. The DMA software was updated to be able
to accept input files with a force input. The input files were generated using the
MATLABTM idinput function. The resulting code was tested to see if it could work
for a simple spring before any of the polymers were tested. The firewire DMA did not
have any position feedback and was run without an encoder. This will cause a drift
in the motion of the stage and will make the stage more susceptible to disturbances.
The coherence for the known linear system indicated that the noise in the DMA gave
accurate results when the velocity of the stage was lower than 0.5 mm/s.
6.3 Change in Modulus Characterization
6.3.1 Inputs and outputs
Figure 6-3(a) shows a typical input output data that can be obtained from the EDMA.
We can independently control the electrochemistry (Voltage or Current) and the
1Obtained from Mcmaster Carr
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(d) Compliance transfer function.
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Figure 6-3: a: Top: The two inputs into the EDMA of Force and Voltage. Bottom: The measured output of Current and
Strain. b: The power spectrum of the input and the output. The power content rolls off after 10 Hz. c: Coherence estimate of
the compliance. The response was linear below 10 Hz. There was no information beyond 10 Hz since there was no power in the
input beyond that frequency. d: The compliance impulse response function as a function derived from a Gaussian force input

















mechanics (Force or Displacement). In this case the voltage input was a simple
triangle wave and the force input was Gaussian. The input signal was bandwidth
limited to within 10 Hz. This was because of the limitations of the stage and the low
pass filters that input signal goes through. Figure 6-3(b) shows the power spectrum
of the input and outputs. The signals roll off at around 10 Hz and so the impulse
response functions cannot be resolved beyond 0.1 s. The compliance was obtained by
performing the analysis in Section 6.1.1. The estimated coherence squared function
is plotted in Figure 6-3(c). The coherence rolls of significantly beyond 10 Hz since
there was no power in the signal beyond that frequency. Below that frequency the
coherence squared was 1 which indicates that the system response was linear for
small frequencies. Also since the length of each test was around 15 s at a sampling
rate of 250 Hz the coherence cannot be resolved below 1Hz. Figure 6-3(d) shows a
typical compliance impulse response curve that one gets from polypyrrole actuated
in the EDMA. The polymer was present in a bath of 0.1 M TEAP and PC. Since
the input does not contain any power beyond 10 Hz the response function was only
valid until around 0.15 s. This function contains important information regarding
the compliance. The next few sections discuss the evolution of this function and
parameters associated with it as a function of charge.
6.3.2 Square wave tests
In order to track the compliance as a function of charge first a current control square
wave was applied to the polymer (Figure 6-4). Each pulse of current injects a certain
amount of charge into the polymer. The current then switches to zero to stop any
more charge from going into the polymer. There was a simultaneous force input with
a mean of 0.25 N that has a bandwidth of 10 Hz. The mean position changes over
the course of the experiment as the polymer softens as charge was injected into it.
Each pulse was considered an experiment where the charge state in the polymer was
essentially fixed. The force and displacement data from the first 50 s of each cycle was
taken and the impulse response was calculated. The data obtained was not detrended
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Figure 6-4: Raw data with a square wave current input. A stochastic force was
applied to a polymer film while charge was being injected into the polymer.
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Figure 6-6: Top: The area under the compliance transfer function versus the charge.
Bottom: The area under the compliance transfer function versus the average potential
over 50 s.
of the impulse response function as charge was injected into the polymer. The peak
value of the compliance function decays as the charge was increased over course of
the 10 cycles. However, as more charge was removed from the polymer, the impulse
response goes below zero implying a negative compliance. The significance of this
was not immediately clear from these experiments.
The area under the impulse response function was an estimate of the modulus
of the polymer. Figure 6-6 shows how this parameter changes with the charge and
potential. This shows that the modulus changes more directly with charge and only
weakly with the potential. Although it was not completely clear how much of this
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Figure 6-7: a: Rising compliance as the potential was cycled between 0 and -0.8 V at 8 mV/s. b: Falling 
compliances as the
potential was cycled between 0 and -0.8 V at 8 mV/s. c: Evolution of the estimated compliance as 
a function of time as the
potential was cycled between 0 and -0.8 V at 8 mV/s.
6.3.3 Triangle wave tests
Figure 6-3(a) shows a triangle wave voltage input instead of a square wave. The
voltage was cycled between 0 to -0.8 V at 8 mV/s. Charge was injected and removed
from the polymer as the current cycles back and forth. The force input was the same
that was used for the square wave in the previous section. The impulse response
was calculated using data for 10 s. The charge and potential are also just averaged
over this period. In this case the impulse transfer function rose and fell based on
the charge (Figure 6-7(b)). This was another clear indication that this function is a
strong function of charge. However, if one plots the estimated modulus it does not
track with the charge or the potential (Figure 6-7(c)). It was difficult from these tests
to realize what factors are influencing the changing modulus. To fully account for
the all the parameters that can be changing a model must be fitted to the impulse
response function and all of its parameters must be studied as a function of charge
and potential. Also since there was no power in the input past 10Hz, the impulse
response cannot be resolved beyond 0.1 s. There may be more area under this curve
that was unaccounted for that may change this parameter.
6.4 Conclusions and future work
The basic principles of testing presented in the above sections are not nearly complete
and we have only begun to investigate linear testing. Increasing the bandwidth of
the input, adding position feedback, detrending the data are the few ways in which
this analysis can be improved. Also the fundamental equations of the electrochemical
systems and viscoelastic materials are both non-linear and soon a non-linear model
will need to be developed to fully understand the physics of conducting polymer
actuators. The electrochemical systems contain non-linear rectifying elements that
cannot be modeled with any simple models. Polymer viscoelasticity can be modeled
as a series of springs and dash pots that also can be complicated to model. The
polymer actuator system was essentially a two input two output system, but in our
tests we keep one input constant and measure the other three. In order to fully
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understand the modulus change as a multi input multi output (MIMO) model will
need to be developed.
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Chapter 7
Conclusions and Future Work
7.1 Breath Figure Templating
A device was built and characterized that can be used to induce holes on the surface
of the polymer films. Polystyrene and poly(3-hexylthiophene) films were templated
using the breath figure templating technique. Significant factors that influence breath
figure formation such as flow rate, humidity and concentration are discussed and char-
acterized. The general trends that are observed are that the high humidity leads to
large hole sizes and large flow rates lead to small hole sizes. Also due to the change
in viscosity of the concentrated films, ordered breath figures form only in dilute solu-
tions. The technique was also used to template polypyrrole with columns. Templated
and non-templated free standing films of polypyrrole and poly(3-hexylthiophene) were
created and actuated. The affect of inducing porosity on the surface of polymer films
influences actuation properties. To the authors knowledge, this was the first time any-
one has attempted to directly template conducting polymers and studied its affects
on actuation. The templated films showed better actuation if one accounts for the
local stresses correctly and adjusts the stress the polymer must work against. How-
ever, these tests were conducting assuming the model presented by John Madden was
valid, but it was determined that this model is not sufficient to fully describe actu-
ation properties, especially in P3HT. To fully understand the actuation in polymers
models of how the actuator modulus changes need to be developed.
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7.1.1 Future work
This thesis presents a qualitative development of the breath figure device and their
formation. More detailed models of BF formation which includes the fluid mechanics
and heat transfer characteristics of the flow within the drop need to be considered
before a full understanding of breath figure formation is reached. For this it will be
useful to mount a camera on the BF chamber to study the dynamic formation of
the water droplets and BF motion along the surface of the fluid. Also the effect of
temperature has not been fully characterized in the current setup since most of the
experiments are done in room temperature in an environmental control chamber. Also
the range of flow rates that the current setup can generate needs to be increased to
get smaller feature sizes that are disperse over wider areas. Again there is much more
work that can be done involving the study of porosity on actuation properties. More
accurate ways of measuring density (pycnometry) and porosity (Mercury porosimetry)
can be used to characterize the effect of microstructure on actuation. Also better ways
to image translucent materials can be used such as confocal laser microscopy. Better
PS templates for PPy columns can be generated using solvents like carbon disulfide.
These can lead to better control of column distribution in polypyrrole.
7.2 System Identification
Any full description of conducting polymers must include the effect of the changing
modulus during the actuation cycle. This effect is present in all conducting poly-
mers and in cases such as poly(3-hexylthiophene) change the dynamics of actuation.
In P3HT, the voltage dependant modulus, the stress and strains that are not pro-
portional to charge and the voltage dependence of the time constants all indicate
behavior that is contrary to the way in which we think conducting polymers work.
The polymer modulus can change due to multiple reasons: plasticization because of
counter ion diffusion into the film, solvent swelling, voltage dependant oxidation and
the change in ionic cross linking during the actuation cycle [31]. To fully understand
the mechanisms that change the polymer modulus during actuation a stochastic in-
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put signal has been developed that can generate the impulse response function of
the polymer compliance as a function of charge. It has been demonstrated that this
compliance function changes with charge injected into the polymer.
7.2.1 Future work
The data that a stochastic experiment generates are extremely rich and one can eas-
ily calculate bode plots, impulse responses, and coherence functions. This thesis has
only begun to realize the amount of information that can be obtained from these
experiments. In order to start to understand the polymer dynamics it is important to
separate the polymers dynamics from the dynamics of the DMA itself and therefore
new models for the polymer actuated in a DMA are needed. The fundamental equa-
tions of the electrochemical systems and viscoelastic materials are both non-linear and
soon a non-linear model will need to be developed to fully understand the physics of
conducting polymer actuators. To do this a new multi input multi output model of
polymer actuators using force and potential as input and current and displacement
as output will need to be developed.
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Figure A-1 shows the full block diagram of the Aerotech EDMA. The inputs are
controlled through software written in Visual studio .NET that sends command to
an Aerotech stage and the potentiostat through a DAQ board. All 4 parameters
(Potential, Force, Current and Displacement) are measured using the DAQ as well.
The stage has its own control program that it uses to control its position and force it
generates represented at the bottom of the block diagram. The stages uses a digital
P1 controller with velocity and position measured. The Futek load cell pases through
a signal conditioning amplifier that filters the signal by about 10 Hz.
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EDMA Block Diagram




Figure A-i: The block diagram for the Aerotech EDMA. Top: basic DMA black diagram. Bottom: Feedback loop implemented
in the Aerotech stage.
Appendix B
MATLABTM code to manipulate
stochastic data
B.1 Impulse Response Calculation
function [X hest VAF] =getTransf erfunc (input , output , dt)












% input output Crosscorrelation
[Cinout,lags]=xcorr(input,output);




Ncycle=input('Number of cycles \n');
Tperiod=input('Period \n');






% pick out the relavant data per cycle























B.3 Transfer function Calculation
Ncycle=input('Number of cycles ');
Tperiod=input('Period ')




pick out the relavant data per cycle







































clear ChargeA hest X Maxhest Minhest
clear VAF VAFA Ahest PotentialA PositionA
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